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ABSTRACT 
Spatially offset Raman spectroscopy (SORS) is demonstrated for the non-contact detection of energetic materials 
concealed within non-transparent, diffusely scattering containers. A modified design of an inverse SORS probe has been 
developed and tested. The SORS probe has been successfully used for the detection of various energetic substances 
inside different types of plastic containers. The tests have been successfully conducted under incandescent and 
fluorescent background lights as well as under daylight conditions, using a non-contact working distance of 6 cm. The 
interrogation times for the detection of the substances were less than 1 minute in each case, highlighting the suitability of 
the device for near real-time detection of concealed hazards in the field. The device has potential applications in forensic 
analysis and homeland security investigations. 
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1. INTRODUCTION 
With the new emerging challenges from organized crime and terrorist groups, the rapid detection of concealed hazardous 
materials is becoming an increasingly important requirement for forensic and homeland security investigations. The 
analysis requires ascertaining the identity of unknown substances in-field in order to initiate appropriate countermeasures 
against the potential harm/toxicity of the substance. In addition, there is often a need to carry out this type of analysis in a 
non-contact mode so as to protect investigators from the potential risks. 
Vibrational spectroscopy is one of the analytical tools that deliver chemical “fingerprints” of substances to enable their 
identification. In particular, Raman spectroscopy has proven to be a powerful technique that provides detailed 
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spectroscopic information on the chemical components of a sample, and is considered as a potential tool in many 
forensic and homeland security applications1. 
Spatially offset Raman spectroscopy (SORS) is a modified mode of Raman spectroscopy that is capable of revealing the 
Raman spectral fingerprint of sub-layers such as chemical substances concealed within diffusely scattering containers2. 
In the SORS technique, the Raman signal is collected from a point that is displaced from the point of laser illumination 
by some distance Δs (where Δs is measured along the surface of the container, between the laser illumination point and 
the collection point). This lateral offset discriminates against photons propagating sideways within the surface layers 
since they exhibit a higher loss at the air-to-sample interface than photons that diffuse through deeper layers. Therefore, 
the spatially offset measurement suppresses the interfering Raman and fluorescence signals originating from the surface 
layers and enhances, in relative terms, the Raman signal from the subsurface material.  
The potential of SORS has been demonstrated in pharmaceutical applications such as the non-invasive analysis of 
counterfeit drugs through packaging3; 4 and the detection of hidden solid and liquid explosives5; 6; 7. A more sensitive 
variant, inverse SORS was recently proposed8, and has been demonstrated and reviewed in several articles9; 10. Inverse 
SORS has the advantage of collecting Raman spectra free from artefacts that are experienced in conventional SORS due 
to the limitations of spectrographs8. It also has the potential for accessing the highest possible signal-to-noise ratios close 
to photon shot noise limits of CCD camera detection systems. Inverse SORS geometry allows for interrogation of 
samples at a lower power density thereby reducing any adverse effects due to sample heating. This makes the inverse 
SORS geometry more appropriate for applications such as detecting energetic materials. In inverse SORS, to conduct the 
spatially offset measurement, a ring shaped laser beam illuminates the sample (ring radius equivalent to Δs) and the 
Raman photons are collected from the non-illuminated centre of this ring. Normally, the collected Raman photons are 
coupled into a fibre bundle that is attached to the spectrograph. However, the use of optical fibre coupling may cause an 
appreciable reduction in the number of Raman photons received by the detector due to optical fibre coupling losses. 
In this work, we report the development of a directly coupled inverse SORS probe that offers improved sensitivity for the 
rapid detection of concealed solid and liquid chemical hazards, and demonstrate its successful use under incandescent 
and fluorescent background light as well as under daylight. 
2. METHOD 
The probe consists of an illumination and a collection system arranged in collinear geometry as illustrated in Figure 1. A 
temperature- and current-stabilized fibre pigtailed diode laser at 785 nm (BRM 785-0.45E, BW TEK, USA) was used as 
the excitation source. The laser beam passes through a neutral density filter wheel (NDC-50C-4M, ThorLabs, USA), 
used to smoothly tune the laser power from full-power to very low levels. The beam is spectrally purified by removing 
residual amplified spontaneous emission components using a bandpass filter (Edmund Optics, Singapore). 
The collimated laser beam then passes through an axicon lens (DelMar Ventures, USA), mounted on a rail, that converts 
the laser beam into a diverging ring of light. For the spatially offset measurement, the axicon is slid further away from 
the sample to form a ring on to the container surface (Δs = 7 mm). The focal point of the collection optics was at the 
centre of the illuminated ring. A zero offset measurement (Δs = 0 mm) is also acquired which predominantly contains 
Raman photons from the container. With appropriate scaling, this can be subtracted to yield a pure spectrum of the 
concealed substance that is free from interfering container peaks. The axicon was positioned closer to the container to 
produce a spot (3 mm diameter). 
 
Figure 1. Schematic diagram of the collinear directly coupled inverse SORS probe (not to scale). 
A plane mirror was used to reflect the excitation beam onto a dichroic mirror (Edmund Optics, Singapore). The dichroic 
mirror is inserted in front of the collection optics and reflects the excitation light towards the sample (Figure 1). The 
transmission properties of the dichroic mirror allow all other Raman photons generated in backscattering geometry to 
pass towards the collection optics. 
Raman photons were collected in backscattering geometry using a 50 mm diameter one-to-one imaging system with a 
focal length of 60 mm. A 50 mm diameter holographic notch filter (NF03-785E-50, Semrock, USA), inserted between 
two biconvex lenses of the imaging system suppressed the elastically scattered (Rayleigh) component of light. In the 
direct coupling mode, the front focal plane of the one-to-one imaging system coincides with the container wall, while the 
rear focal plane coincides with the input slit of the spectrograph (Acton SP2300, Princeton Instruments, USA). Raman 
spectra were collected using a thermoelectrically cooled CCD camera (PIXIS 256, Princeton Instruments, USA). The 
spectrograph and cameras were controlled by proprietary software (WinSpec, Princeton Instruments, USA). 
Three analytical-grade explosive precursors, 30% hydrogen peroxide solution (H2O2), nitromethane (CH3NO2) and 
ammonium nitrate (NH4NO3), concealed within plastic containers, were screened using the SORS probe. The containers 
used to conceal these substances were made from off-white, red and non transparent white high density polyethylene 
(Figure 2). 
 Figure 2. High density polyethylene containers used for lab and field SORS testing, off white 2 mm thick (a), red 1 mm thick (b) and 
white opaque 2 mm thick (c). 
2.1 Inverse SORS measurements under different background lighting 
 
Figure 3. Typical background spectra of incandescent (a), fluorescent (b) and (c) daylight. 
The concealed substances were screened in a laboratory environment, under dark conditions as well as under normal 
incandescent and fluorescent room lighting. For each measurement (ring and spot), 20 acquisitions were collected with 
exposure time of 1 second per acquisition (total measurement time 20 sec). 
For SORS screening under background lighting, background spectra were collected while the laser was switched off. The 
background spectra (incandescent, fluorescent and daylight) are given in Figure 3. The appropriate background spectrum 
was automatically subtracted from each raw spectrum during each spectral acquisition. 
To obtain the inverse SORS spectrum of a concealed substance (i.e. to reveal the concealed substance’s spectrum), the 
raw spot and ring spectra were baseline corrected and a scaled subtraction was performed (ring minus spot). Using this 
approach for data treatment, the Raman signature of the container was removed without prior knowledge of the spectral 
fingerprint of the material. This is an inherent feature of the SORS concept where the relative population of the Raman 
photons of the container and concealed substance change from the spot to the ring measurement, allowing a scaled 
subtraction to eliminate the surface signals and thereby give the pure Raman spectrum of the sub-layer8. The data 
analysis was carried out using a customized program in MATLAB (The MathWorks, USA). 
2.2 In-field SORS measurements  
 
Figure 4. Photograph of the portable inverse SORS probe in the field. 
For the in-field measurements, the device was mobilized on a trolley and moved outside the lab to the terrace of the 
building (Figure 4). Red plastic (Figure 2 b) and non-transparent white plastic containers (Figure 2 c), were used for the 
in-field tests. The spectrum of the daylight background spectra collected, with the excitation laser switched off, is 
depicted in Figure 3 (c). The explosive substances were screened “in-field” for 20 seconds, however at much shorter 
exposure time (50 msec) compared to the laboratory measurements. 
3. RESULTS AND DISCUSSIONS 
 
Figure 5. Spectra of high density polyethylene measured with fibre (a) and direct (b) coupling SORS probe. 
Spectra of a high density white polyethylene sheet were acquired using fibre and direct coupled SORS probe geometries. 
All parameters, laser power density on the sample, distance between the sample and collection lens and the alignment of 
the sample to the illuminating laser, were kept unchanged during the spectral measurements. The positioning of the back 
focal plane of the one to one imaging optics was done to get maximum coupling for both the fibre and spectrograph slit. 
The results are indicated in Figure 5. We observed 80% increase in the number of counts in the direct coupling geometry 
as indicated in Figure 5. Based on this preliminary test, we designed the proposed inverse SORS probe in the direct-
coupled mode. 
3.1 Detection of ammonium nitrate in off-white opaque plastic container 
3.1.1 SORS measurement in dark 
Solid ammonium nitrate in the off-white plastic container was examined using the SORS probe and the results are 
illustrated in Figure 6. The subplot (a) in Figure 6 shows the raw spot and ring spectra recorded by the spectrograph. 
Subplot (b) illustrates the scaled data after a baseline correction. Subplot (c) provides the SORS spectrum of the sub-
layer, showing an exact match with the reference spectrum of ammonium nitrate. The subplots are included in Figure 6 
to illustrate the various stages of data analysis. The raw spectra in subplot (a) show a prominence of container material 
peaks in the spot measurement, whereas in the ring measurement the spectral peaks of the sub-layer are more dominant, 
as evident in subplot (b).  
 Figure 6. Ammonium nitrate (white crystalline powder) detected inside the off-white opaque plastic container under dark conditions. 
The directly coupled design showed improved efficiency in collecting a high quality Raman signature of ammonium 
nitrate, compared to earlier tests with a fibre-coupled design11. The direct coupling mode allowed for the maximum 
number of Raman photons to reach the detector.  
3.1.2 Incandescent background light 
Solid ammonium nitrate in the plastic container was screened under incandescent light (Figure 7). 
 
Figure 7. Ammonium nitrate crystals inside off-white opaque container detected under incandescent background light. 
The noise in the resultant spectrum was slightly higher than that in the dark measurements (attributable to the 
background light), but the result was again of excellent quality for positive identification of the concealed substance. 
This indicates that with a proper background subtraction it is possible to conduct SORS measurements under 
incandescent light. 
3.1.3 Fluorescent background light 
 
Figure 8. Ammonium nitrate crystals detected inside the off-white opaque container under the fluorescent light background. 
The result of the ammonium nitrate SORS measurement under fluorescent lighting is shown in Figure 8. There was less 
noise in the spectrum collected under fluorescent light background compared to the spectrum under incandescent 
background (Figure 7). However, measurements under fluorescent lights may need more sophisticated data treatment in 
the case where the SORS signal overlaps with a characteristic fluorescent light emission peak (Figure 3 b). 
3.1.4 In-field daylight measurements 
 
Figure 9. Ammonium nitrate detected inside the red plastic container under daylight. 
The SORS spectrum from solid ammonium nitrate, concealed inside the red plastic container (Figure 2 b), is shown in 
Figure 9. The good Raman scattering properties of the solid explosive precursor along with the efficient SORS probe 
design led to the retrieval a high quality SORS signal of the concealed ammonium nitrate. The negative dives 
corresponding to the container material peaks in SORS signal is attributed to the difference in fluorescence levels in the 
spot and ring spectra, which results in an improper scaling. The appearance of negative dives in SORS spectra can occur 
if there is considerable variation in the background as well as florescence between the spot and ring measurements.  
3.2 Hydrogen peroxide (30% v/v) in red opaque plastic container 
3.2.1 Dark measurements 
Figure 10 demonstrates the retrieval of the hydrogen peroxide Raman band from the opaque red plastic container. This is 
despite the significant fluorescence from the container material, which led to a drifting baseline in the raw data (Figure 
10-a). It is clear that the relative height of signature peak for hydrogen peroxide (890 cm-1) was greater in the ring 
measurement than in the spot measurement. As discussed, this is due to the fact that the lateral offset in the ring 
geometry discriminates against photons propagating sideways within the surface layers and therefore suppresses 
fluorescence and Raman photons from the container wall. Thus the photons collected from the non-illuminated centre of 
the ring are enriched with the Raman photons of the sub-layer, generated due to the diffusion of excitation photons deep 
in the sub-layer12. This causes the relative enhancement of the hydrogen peroxide peak in the ring spectrum. 
 
Figure 10. Hydrogen peroxide detected inside the opaque red plastic container in dark conditions. 
3.2.2 Incandescent background light 
The retrieved SORS signature under an incandescent light background (Figure 11) showed significant noise when 
compared to that collected in dark conditions (Figure 10). This is due to the fact that hydrogen peroxide is a transparent 
liquid and has a lower Raman cross-section, and the spectrum was therefore more affected by the noise in the 
incandescent light spectrum. 
 Figure 11. Hydrogen peroxide detected inside a red plastic container under incandescent background light. 
3.2.3 Fluorescent background light 
Hydrogen peroxide within the red plastic container was examined under fluorescent background light. The results are 
indicated in Figure 12.  
 
Figure 12. Hydrogen peroxide detected inside the red plastic container under fluorescent background light. 
As mentioned above, the retrieved SORS signature of hydrogen peroxide shows less noise than that in the case of 
incandescent background light (Figure 11). There are some slight over-subtractions of the fluorescent light background 
peaks in the raw data, which have also emerged in the SORS result. The over-subtractions occur as a result of 
background light fluctuations i.e. between background acquisition and spot or ring measurement. However these results 
demonstrate the sensitivity of the probe to detect a concealed weaker Raman scatterer in solution form, viz. 30% (v/v) 
hydrogen peroxide solution, in dark and under background light illumination. 
3.2.4 In-field daylight measurement 
 
Figure 13. Hydrogen peroxide inside the red plastic container detected under daylight. 
Hydrogen peroxide concealed inside the red plastic container was tested under daylight. The SORS results are depicted 
in Figure 13. As indicated by the figure, the Raman peak for hydrogen peroxide was successfully retrieved with 
sufficient quality to raise suspicion regarding the contents of this container. This result provides further evidence that the 
developed SORS probe is suitable for in-field testing of even weak Raman scatterers. 
3.3 Nitromethane (CH3NO2) in off-white opaque plastic container 
3.3.1 Measurements under dark 
 
Figure 14. Nitromethane detected inside the off-white opaque plastic container in dark conditions. 
Figure 14 depicts the detection of the concealed nitromethane under dark conditions. The SORS methodology, and its 
relevant data treatment, was able to eliminate the signals from the surface layer (plastic material), between 1050 cm-1 and 
1100 cm-1, and reveal the native spectrum of the sub-layer. The retrieved signature of the sub layer in the 600 to 1300 
cm-1 range showed a very good match with the reference spectrum of nitromethane. 
3.3.2 Incandescent background light 
The Raman signature of the clear nitromethane inside the off-white plastic container was revealed using the designed 
SORS probe, despite the high background noise caused by the incandescent light (Figure 15). The intensity of the 
retrieved SORS signals under incandescent light background was higher in the case of nitromethane than that in the case 
of hydrogen peroxide (Figure 10). This is despite the fact that nitromethane was concealed in a plastic container of 
greater thickness. This is attributable to the stronger Raman scattering properties of nitromethane compared to hydrogen 
peroxide, yielding a higher abundance of Raman photons from the nitromethane which travel through the surface layer 
and reach the detector. 
 
Figure 15. Nitromethane detected inside the off-white opaque plastic container under incandescent light 
3.3.3 Fluorescent background light 
Nitromethane was screened under a fluorescent light background, successfully revealing the Raman spectrum of the 
concealed substance. There were some slight residuals from the container peaks in this case, which can be removed by 
applying more sophisticated scaling within the data treatment process. 
 Figure 16. Nitromethane inside the off-white opaque plastic container, detected under fluorescent light. 
3.3.4 In-field daylight measurement 
For the in-field experiment using nitromethane we used the plastic container indicated in Figure 2 (c). 
 
Figure 17. Nitromethane detected inside the non-transparent white plastic container under daylight. 
This high density polyethylene container was less diffusive compared to the other two containers; due to the higher 
thickness (2 mm) of the container. The results of the inverse SORS measurements are indicated in Figure 17. The ring 
measurement showed higher noise level than that in the spot measurement. This was due to the low power density of the 
excitation beam at the sample. This noise is propagated to the SORS result causing a noisier base line as indicated in 
Figure 17 (b). However the quality of the recovered Raman signature permits an unambiguous identification of 
concealed nitromethane, again indicating that the instrumentation is robust. 
4. CONCLUSION 
We have presented a directly coupled inverse SORS probe using a 785 nm excitation laser capable of non-contact 
detection of concealed energetic substances. The instrument performance was evaluated by making measurements under 
various background light conditions and also under daylight. The instrument was used to detect turbid as well as clear 
energetic materials concealed within different types of plastic containers. The excellent results are an indication of the 
capability of the developed probe to detect concealed chemical hazards from opaque containers under realistic field 
conditions. The technique has potential applications in many homeland security and forensic scenarios, where non-
contact and non-invasive interrogation of concealed substances is required.  
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